control of planarian biology and identify genes with
Figure 1. RNAi Screening Strategy
(A) S. mediterranea cDNAs were transferred into pDONRdT7, which contains two T7 promoters and terminators, using a single-step Gateway (Invitrogen) reaction (see Experimental Procedures).
(B) Screening procedure (see Experimental Procedures for details).
(C) Animals with a phenotype were labeled with αH3P (mitotic neoblasts) and VC-1 (photoreceptor neurons). Animals with no phenotype were labeled with VC-1 and screened for defects. (D) 143 genes that conferred phenotypes following RNAi and amputation were inhibited with five dsRNA feedings, left intact, and observed for 6 weeks. Presence and capacity to divide of neoblasts was assessed by amputation, fixation, and labeling with αH3P (see Experimental Procedures). (E) Systematic phenotype nomenclature: uppercase "phenotype terms" with lowercase "descriptors" in parentheses, with lowercase "modifiers" in brackets. Blastema size descriptors refer to mean animal blastema size, ranging from 0 (none) to 3 (normal), e.g., BLST(0.5) indicates half of the animals had no detectable blastema and half of the animals had a size "1" blastema. This glossary can be used to examine phenotypes shown in Table 2, Supplemental Tables S1 and S4, phenotypes are related to human disease genes (Table  for which no obvious homologs were found in other phyla, may also be of medical relevance. These genes 2; Supplemental Table S2 ). These genes cause an array of phenotypes, ranging from aberrant regeneration folmay be specific to the Platyhelminthes and required for the survival of related pathogenic platyhelminthes, the lowing RNAi of a spastic paraplegia homolog (Casari et al., 1998) to aberrant photoreceptor regeneration and cestodes and trematodes (Table 2 ; Supplemental Table  S1 ). Considering that such pathogens are estimated to function following RNAi of an RGS9-like encoding gene, which is associated with bradyopsia (vision decause disease in nearly 300 million people throughout the world (http://www.who.int), these genes might fects) in humans (Nishiguchi et al., 2004) . Given that only 8 of these 38 genes have a corresponding mouse make attractive drug targets. knockout model, the S. mediterranea phenotypes provide new functional information and demonstrate the Genes Associated with Similar and Specific RNAi Phenotypes May Act together utility of S. mediterranea for the study of orthologs of human genes involved in genetic disorders. The reWe obtained a wide gamut of regeneration phenotypes from the RNAi screen. We categorized genes associmaining 35 genes associated with RNAi phenotypes, Table 2 and Supplemental Table S1 .
ated with these dsRNA-induced phenotypes into 11 no known predicted function that may act with α-spectrin (Table 2) . These examples are presented simply to groups as shown in Table 2 . Each RNAi phenotype is listed in only one of the 11 categories, though aspects illustrate that for the many phenotypic categories, including regeneration and neoblast abnormalities (see of the phenotype can relate to multiple categories. Table 2 also includes the homology of these genes (if any) below), our data in Table 2, Supplemental Tables S1,  S3 , and S4, and Figures 2-6 identify shared properties and a code that describes the RNAi phenotype in detail (see Figures 1E and 1F as guides for phenotype termithat point to many candidate functional associations (see below for further examples). nology). RNAi-induced phenotypes and sequence homologies for some genes that are listed as "Other" in Table 2 can be found in Supplemental Table S1 . (Table 2; tained, involving the functioning of differentiated cells and the replacement of aged cells by neoblast progeny. Supplemental Table S1 ). These examples indicate that RNAi screening in S. mediterranea can readily generate (7) Finally, the regenerated animal restores the capacity to respond to its environment with appropriate behaspecific phenotypes that allow identification of previously unknown functional associations. For instance, viors. How can we identify the step of regeneration for which a given gene is needed? We performed addiRNAi of NBE.3.07F or NBE.5.04A ( Figure 2I ) caused spots, blisters, and bloating. The first gene is similar to tional experiments outlined below that, together with the regeneration data from the screen, allowed us to Drosophila hunchback, a gene known to regulate embryonic patterning (Irish et al., 1989) , and the other encluster genes into categories that correspond to the different phases of regeneration shown in Figure 3A . codes a POU domain protein (Table 2) . Given the rarity of this phenotype, these two transcription factors may Wound Healing and Regeneration Initiation In the absence of the ability to heal wounds, animals act together. Additionally, RNAi of only two genes, HE.1.08G and NBE.8.03C (Figure 2I ), caused the "freckshould lose tissue through the wound site and lyse. We observed that RNAi of at least nine genes caused lysis les" phenotype. HE.1.08G encodes an α-spectrin-like protein, a membrane cytoskeletal protein (Bennett and after wounding (Table 2; Supplemental Table S1 ). We reasoned that if a gene were needed specifically for Baines, 2001), and NBE.8.03C encodes a protein with wound healing, inhibition of that gene with dsRNA ( Figure 3B ; We reasoned that genes specifically involved in the ing wounding or control other processes needed for blastema generation. One of these genes, SMAD4, initiation of regeneration following wound healing might be required for normal blastema formation, but not for stands apart as a gene necessary for any blastema formation but dispensable for neoblast function in homeothe extensive cell turnover that occurs during normal adult planarian life (Newmark and Sánchez Alvarado, stasis ( Figure 3B ). Since SMAD proteins mediate TGF-β signals (ten Dijke and Hill, 2004), this observation indi-2000). We inhibited 143 genes that were associated with dsRNA-induced regeneration defects in the screen cates that TGF-β signaling may control regeneration initiation in planarians. and examined intact, nonamputated animals ( Figure  1D , see Experimental Procedures). We found that Neoblast Function: Comparison of Phenotypes to Defects in Irradiated Animals Identifies genes needed for regeneration also tend to be needed for homeostasis (p < 0.005) (see below). However, RNAi
Strategy for Identifying Genes that Control Distinct Steps in Regeneration
Candidate Neoblast Regulators Irradiation of planarians is known to specifically kill the of 35 out of 143 genes conferred no or only minor defects in intact animals (Supplemental Table S4 ). 25 of neoblasts, block regeneration, and result in lethality (Bardeen and Baetjer, 1904) . We observed that amputhese 35 genes were associated with smaller than normal blastemas in two separate RNAi experiments (Suptated, irradiated (e.g., 6000 rad) animals were incapable of regenerating (Figure 2A ), curled their bodies around plemental Table S4; Figure 3B ). One gene was important for the formation of caudal blastemas (HE.4.06F) their ventral surface within 15 days (Figure 2A ), and subsequently died by lysis. Genes for which RNAi and is predicted to encode a novel protein (Supplemental Table S4 ). Four genes within this data set, such as causes defects similar to those of irradiated animals may be needed for neoblast function in regeneration. an FKBP-like immunophilin (NBE.3.05F), caused tissue regression following RNAi and regeneration (Table 2; In total, 140 gene perturbations blocked, limited, or reduced regeneration (Table 2; Supplemental Table S1 ). Supplemental Table S4 ). Genes needed for complete regeneration but apparently not necessary for homeoRNAi of 48 of these genes caused curling (CRL), similar to that seen in irradiated animals ( Table 2 ; Supplemenstasis include those predicted to encode proteins similar to chondrosarcoma-associated protein 2 (NBE.3.11F), tal Table S1; Figure 2B ). Lysis was the typical fate of these curled animals ( Table S4 ). Some of these genes could identify signaling not all of these genes are required for neoblast function. These genes encode basal cell machinery factors, mechanisms that specifically activate neoblasts follow- Figure  1C ), and animals from the RNAi of 139 genes, which protein), chromatin regulators (e.g., HE.2.01H, histone deacetylase), and disease proteins (e.g., NBE.3.08C, huwere fixed shortly following wounding to assess proliferation at the time of regeneration initiation ("24hH3P"; man spastic paraplegia protein) ( Table 2; Supplemental  Table S1 ). Figure 1D ). The 139 genes in the 24hH3P data set were selected because they were associated with a range of Neoblast Maintenance, Proliferation, and Progeny Function blastema-sized phenotypes following RNAi and amputation ( Figure 1D , see Experimental Procedures). The The genes for which RNAi caused defects similar to that caused by irradiation could be needed for neoblast genes associated with these two data sets (14dH3P and 24hH3P) only partially overlap, and the conclusions maintenance and/or proliferation or the functions of neoblast progeny. We reasoned that direct observation drawn from the data are similar. 14dH3P data are presented in Supplemental Table S3 . Data associated with of neoblast presence and proliferation in dsRNA-fed animals could help distinguish between these possioverlapping genes in the 24hH3P and 14dH3P data sets are presented in Supplemental Table S4 We identified three main groups of mitotic numbers to encode components of the proteasome, one predicted to encode γ-tubulin, and two predicted to enfollowing the RNAi of genes in both data sets: too few mitoses, normal mitoses, and too many mitoses (Figcode anaphase-promoting complex subunits (Supplemental Tables S3 and S4 ). Given the role of the ures 4A-4D). RNAi of 48 of 140 genes in the 14dH3P data set and RNAi of 50 out of the 139 genes in the anaphase-promoting complex and proteolysis in the progression of mitosis (Peters, 2002) , the numerous 24hH3P data set led to low mitotic cell numbers. A large majority of animals with lower than normal numcandidate metaphase nuclei observed in these animals indicate possible defects in chromosome separation at bers of mitotic cells also had defects in the production of normal-sized blastemas (Supplemental Tables S3 mitosis. Genes for which RNAi caused curling after amputation were very likely to be required for regeneration and S4; Figure 4D ). These genes might be important for neoblast maintenance or deployment. Such genes (p < 0.0001) and were often, but not always, associated with reduced mitoses following RNAi and amputation include those predicted to encode multiple components of the ribosome, cell cycle and chromatin regula-( Figure 4D ). Therefore, genes for which RNAi caused curling, blocked regeneration, and caused low mitotic tors, and a phosphatidyl inositol transfer protein (Supplemental Table S4 ). RNAi of 8 of 140 genes in the numbers may be needed for neoblast maintenance or mitoses. 14dH3P data set and of 4 genes in the 24hH3P data set led to abnormally high numbers of mitotic neoblasts RNAi of 84 of 140 genes in the 14dH3P data set and RNAi of 85 of 139 in the 24hH3P data set led to relaas compared to the control, indicating animals to be abnormal due to mitotic defects or misregulation of the tively normal numbers of mitotic cells (Supplemental Tables S3 and S4 ; Figures 4B-4D) . Many of these genes neoblast population (Supplemental Tables S3 and S4 ; Figures 4A-4D ). Among these genes are two predicted are needed for regeneration; for example, RNAi of 38 of Table S3. the 85 genes in the 24hH3P data set allowed normal Supplemental Table S1 . These phenotypes reveal unexpected aspects of planarian biology and identify at numbers of mitotic neoblasts after wounding but caused regeneration of very small blastemas and curling least some genes that govern how a collection of undifferentiated cells within a cephalic blastema becomes (BLST%1.5, Figures 4C and 4D) . Among these 38 genes are 5 predicted to encode RNA binding proteins and 5 organized to produce a new, functional head. Below, we highlight several examples of the diversity and impredicted to encode signal transduction proteins (Supplemental Table S4 ). These genes may control regenerplications of the phenotypes within this category. Wild-type planarians are bilaterally symmetric with ation initiation or the ability of neoblast progeny to form differentiated cells or to organize into a blastema. RNAi no known asymmetry (Hyman, 1951) ; however, RNAi of five genes caused asymmetric regeneration of photoreof 13 genes did not reduce mitotic numbers, but, nonetheless, blocked regeneration and caused curlingceptors (Table 2; Supplemental Table S1 ; Figures 2D  and 5H ). Given that we have not seen asymmetric efsuggesting that they were involved in neoblast functions (Supplemental Table S4 ; Figure 3B ). These genes fects of dsRNA treatment on gene expression and that asymmetric phenotypes are rare, these observations might be needed for the functioning of neoblast progeny rather than neoblasts per se. Examples of such indicate that active mechanisms may exist for maintaining symmetry in animal species that lack asymmetry. genes include those encoding a striatin-like protein and an RNA binding protein (Supplemental Table S4 Figure 3B ). Defects obRNAi of the candidate axon guidance regulator H.68.4A Slit resulted in the regeneration of ectopic midline neuserved include indented, pointed, and flat blastemas, as well as wide, faint, and no photoreceptors (Table 2; ronal tissue and ectopic axis formation (Table 2; Supplemental Table S3 ; Figure 5J ). The formation of photo- Figures 2C and 2D) . The molecular identities of these blastema-patterning genes can be found in Table 2 and receptors may thus be regulated by the spatial location (Table 2; uncovered (Supplemental Table S3 Table S3 ). In another example, RNAi of NBE.6.04A HMGB2 caused faint photoreceptors in the visible animals were also scored for mitoses with αH3P ( Figure  1C, see above) . We chose the photoreceptor neurons screen; severely disorganized axons were uncovered in the VC-1 screen (ectoax, Figure 5M ). Homologies of for study because they exist in two well-defined clusters of w24 cells and extend easily visualized posterior other genes associated with RNAi-induced patterning defects can be found in Supplemental Table S3 . and ventral processes to the cephalic ganglia (Carpen-A scatter plot depicting the correlation between blasRNAi of 108 of 143 genes conferred robust defects that define the major planarian homeostasis phenotypes tema size and the degree of photoreceptor system formation in dsRNA-treated animals identifies several (Supplemental Table S4 ; Figures 6B-6D) . By observing irradiated animals, i.e., animals lacking neoblasts, we trends ( Figures 5O and 5P) . First, the vast majority of genes for which RNAi severely compromised cephalic defined a neoblast-defective homeostasis phenotype. Irradiated animals displayed tissue regression within 8 regeneration were needed for detectable photoreceptor development (BLST(0-0.5), Figure 5O ). By contrast, days ( Figure 6A ), curling within 15 days ( Figure 6A) , and lysis thereafter. The tissue anterior to the photorecepmany medium-sized blastemas, BLST(1-2.5), can differentiate and organize reasonably well ( Figure 5O) . Detors, where regression is typically observed, is normally incapable of regeneration (Morgan, 1898) and is confects within slightly small blastemas can thus be the result of specific defects in pattern formation rather stantly replaced by neoblast progeny (Newmark and Sánchez Alvarado, 2000). than nonspecific results of the blastema being smaller than normal ( Figure 5P ). The few genes for which RNAi of many genes caused defects in intact animals similar to those observed in irradiated animals; these RNAi allowed regeneration of a medium-sized blastema with severely disrupted differentiation include candigenes may be needed for neoblast function in homeostasis (Supplemental Table S4 ; Figures 6B and 6C) . Tisdate-specific factors (e.g., tubedown-100 transcription factor, Figure 5D , and a TIMM50 phosphatase). Our sue regression and curling of intact animals are attributes that tend to appear together in RNAi experiments data suggest that it should be possible to readily identify specific blastema patterning and differentiation de-(48 out of 63 cases) as well as with lysis (40/48), suggesting a common underlying defect (Supplemental Tafects such as those illustrated in Figures 5C-5N .
Animals lacking a visible phenotype from the RNAi of ble S4; Figure 6F ). Genes that cause regression and curling following RNAi in intact animals tend to be 677 out of the total 1065 genes in the original RNAi screen were also labeled with antibodies. 14 genes asneeded for regeneration (40 of 48 genes, BLST%0.5, p < 0.0005), indicating that these genes may be resociated with cellular phenotypes following RNAi were identified in this manner (Supplemental Tables S1 and  quired Table S4 ). This gene set provides a gans in the differentiated tissues of regenerating planarians was first recognized by T.H. Morgan in 1898 profile of gene functions likely required for the homeostatic functions of neoblasts. (Morgan, 1898) , and he termed the process of such change morphallaxis. The cellular and molecular mechRNAi of some genes caused robust, inviable homeostasis defects but did not block blastema formation or anisms underlying morphallaxis are nearly completely unknown. One of our screen assays allowed for an asaffect neoblast mitoses following amputation ( Figure  6E ). Therefore, cellular events required for homeostasis sessment of the production of new tissues in old tissues: tail fragments lack a pharynx ( Figure 1B ) and proneed not be required for regeneration or always involve neoblast proliferation. A major category of homeostasis duce a new pharynx in preexisting tissues. Most genes that were needed for blastema formation were needed phenotypes involved the formation of a variety of types of lesions ( Figure 6D ). Genes for which RNAi caused for pharynx formation, indicating that similar cellular events are involved in both processes (Table 2 ; Supplelesions in intact animals did not have strong tendencies to be required for regeneration or neoblast proliferation mental Table S1 ). However, RNAi of 11 genes, such as a nuclear migration nudC-like gene (NBE. Table S4 ). There may therefore be blast progeny ( Figure 3A) . The functions in homeostasis of 143 genes associated with defects in the RNAi two main categories of genes, albeit not mutually exclusive, needed for regeneration and viability in adult screen were assessed (see Experimental Procedures). Supplemental Table S5. for homeostasis were not needed for regeneration or neoblast proliferation, however, suggesting that homeostasis involves both neoblast control of cell turnMany Genes Are Needed for Regeneration over as well as the regulated patterning and functioning in Planarians of differentiated tissues ( Figure 3B ). This hypothesis is Not surprisingly, considering that regeneration involves supported by the fact that adult planarians are concell proliferation, migration, pattern formation, and difstantly regulating the size and scale of their various orferentiation, perturbation of a large number of genes gan systems (Oviedo et al., 2003) and by the obsercan disrupt blastema formation. How can we identify vation that some homeostasis defects involved the genes controlling specific aspects of planarian blasformation of lesions in the shape of underlying organs tema formation? Our experiments allowed for the clus-( Figure 6D ). tering of genes with similar dsRNA-induced phenoOur categorization of gene function in planarians has types into candidate functional categories.
established a strategy for understanding how genes What did we learn from functional categorizations? control regeneration and its attendant stem cell funcWe identified a novel gene, HE.3.04D, that appears to tions. Further characterizations of the genes and phebe involved in wound healing ( Figure 3B ). We identified notypes identified in this manuscript will help refine multiple genes with functions largely restricted to blashow individual genes within phenotype categories tema formation and not homeostasis. These genes are function to regulate regeneration. predicted to encode proteins including several novel and signaling proteins and may primarily be involved in Conclusion regeneration initiation or some specific aspect of blasThe RNAi screen reported here demonstrates the feasitema formation ( Figure 3B ). For example, the RNAi of bility of utilizing RNAi to perform large-scale functional HE.3.03B SMAD4 completely blocked blastema formaanalyses of genes in nonstandard genetic organisms, tion following amputation but had no effect on neoblast requiring primarily a characterized cDNA collection and function for homeostasis. Since 
